To determine the biochemical basis of osmotic adjustment, seasonal and treatment differences in foliar watersoluble organic solutes and inorganic ions were investigated for two hardwood species that exhibited osmotic adjustment in a Throughfall Displacement Experiment at the Walker Branch Watershed near Oak Ridge, Tennessee. Leaf samples of overstory and understory chestnut oak (Quercus prinus L.) and understory dogwood (Cornus florida L.) were collected during the 1994 (wet) and 1995 (dry) growing seasons from each of three treatments: dry (-33% throughfall), ambient (control) and wet (+33% throughfall). Foliar soluble carbohydrates and organic acids were measured by gas chromatography-mass spectrometry.
Introduction
Mixed forests have assemblages of plant species with different drought tolerance mechanisms, and species that maintain low water potentials are able to compete better under dry conditions than species that do not. Therefore, species with low osmotic potentials at full turgor (Ψ πo ) may be more tolerant than species with high Ψ πo , even if the former do not adjust osmotically. The osmotic potential of several North American tree species ranges from -0.8 to -2.0 MPa under wet conditions (Abrams 1988) , including hardwood species of an upland oak forest (Gebre et al. 1998a , Tschaplinski et al. 1998 . Highest (least negative) Ψ πo values (-1.1 MPa) were found in American beech (Fagus grandifolia Ehrh.), dogwood (Cornus florida L.) and blackgum (Nyssa sylvatica Marsh.), whereas chestnut oak (Quercus prinus L.) had the lowest Ψ πo . Under dry conditions, Ψ πo of American beech and dogwood declined to -1.5 and -1.6 MPa, respectively, whereas that of chestnut oak declined to -2.0 MPa. The ability of plants to lower Ψ πo through active solute accumulation, known as osmotic adjustment, enables plants to survive and recover from water stress. Among the putative advantages of osmotic adjustment are continued carbon fixation at low water potentials and the rapid opening of stomata after relief from water stress (Gebre and Kuhns 1993) . Despite its osmotic adjustment capability, dogwood suffered 13% mortality during a severe drought period (Hanson et al. 2001) .
The solutes responsible for Ψ πo and adjustment vary with species and degree of water stress (Morgan 1984) . Among organic solutes, the most commonly observed osmolytes are fructose and glucose in some species, and sucrose in others (Yancey et al. 1982) . The accumulation of sucrose in fully expanded leaves and glucose in growing leaves within stressed plants of the same species has also been reported (Ackerson 1981, Munns and Weir 1981) . Sorbitol is the main solute in Prunus species (Ranney et al. 1991) and apple (Malus domestica Borkh. cv. Jonathan) (Wang and Stutte 1992) . Salicin and malic acid have been reported to accumulate during a drought period in poplars (Populus sp.) Blake 1989, Gebre et al. 1994) . The major inorganic ion that accumulates in drought-exposed plants of many species is K + (Morgan 1992) . Although K + is a major solute contributing to the total solute pool, there are few reports of its contribution to leaf osmotic adjustment in tree species (Ranney et al. 1991, Tschaplinski and Tuskan 1994) .
Osmotic adjustment of tree species in a forest stand is commonly determined by comparing Ψ πo between a wet and dry period within a growing season or between seasons (Bahari et al. 1985) . Because few species have been investigated at the same time, some of the variability reported in the extent of osmotic adjustment and the type of solutes accumulated could be related to variability in sampling season. Other factors that may contribute to the variability include canopy position, degree of water stress, or other differences in growing conditions. For example, compared with overstory trees, understory saplings may accumulate different solutes at different concentrations because of differences in light environment and net photosynthetic rates (Sullivan et al. 1996) . Canopy position has an effect on Ψ πo , with understory trees exhibiting higher (less negative) Ψ πo than overstory trees, although osmotic adjustment varies with species. The higher Ψ πo of understory plants compared with overstory trees may be related to their lower net photosynthetic rate as a result of lower irradiances (Sullivan et al. 1996) , as well as reduced photosynthetic capacity (Boardman 1977) .
This study was undertaken to determine the major watersoluble solutes responsible for osmotic adjustment in two species that occupy different canopy positions: dogwood in the understory, and chestnut oak, growing in the overstory as mature trees and in the understory as seedlings. Specifically, we compared the two species, as well as the understory seedlings and overstory trees of chestnut oak, growing in three water regimes over a wet and a dry growing season. We hypothesized that tree species that display osmotic adjustment to severe drought will primarily accumulate neutral carbohydrates rather than charged inorganic ions and organic acids, particularly under severe water stress. It was also hypothesized that overstory trees will have higher concentrations of soluble carbohydrates than understory trees because of greater light availability.
Materials and methods

Plant material and site
The study site was located on a uniform, south-facing slope at the Walker Branch Watershed on the U.S. Department of Energy's National Environmental Research Park, near Oak Ridge, Tennessee, where a Throughfall Displacement Experiment has been operating since July 1993. The three treatments-ambient (control), dry (-33% of throughfall) and wet (+33% of throughfall from dry treatment)-each cover an 80 × 80-m area (Hanson et al. 1998 (Hanson et al. , 2001 ). The study site and leaf sampling techniques have been described elsewhere (Gebre et al. 1998a , Tschaplinski et al. 1998 , as has the experimental design (Hanson et al. 1998 (Hanson et al. , 2001 . Briefly, mean annual precipitation is 136 cm and mean daily temperature is 14.2°C. The dominant canopy species are chestnut oak, white oak (Qercus alba L.) and red maple (Acer rubrum L.), whereas the understory and mid-canopy consist of red maple, dogwood and blackgum. Throughfall precipitation was manipulated by about 2000 sub-canopy troughs (0.3 × 0.5 m) suspended above the forest floor in the dry treatment plot. About 33% of the precipitation above the dry plot was captured and transferred by gravity through polyvinyl chloride pipes across the ambient plot and distributed through drip holes along 21 distribution lines in the wet plot. System performance was monitored by the measurement of soil water content by time domain reflectometry (TDR; Topp and Davis 1985) at 310 sampling locations (8 × 8-m grid) using 35-cm vertical wave-guides. Soil water content was converted to soil water potential based on soil water-release curves, after correcting for the coarse fraction. The 1994 and 1995 sampling seasons were considered a wet and a dry year, respectively, because of their respective above (569 mm) and below (394 mm) average (534 mm) precipitation for the growing period (Hanson et al. 2001) .
Branches from six trees, saplings or seedlings per treatment × species combination were sampled from the mid-crown positions of plants in the drier upper and middle slope positions, with a 12-gauge shotgun for the overstory trees, a pole pruner for intermediates and saplings, and a hand pruner for seedlings. All samples were collected monthly between 1000-1600 h from May through September 1994 and 1995 on sunny days. The same trees and saplings were sampled throughout each season. One leaf or a pair of leaves per shoot was immediately removed and frozen under dry ice for metabolite analyses. Leaves were taken from the same shoot that provided leaves for water relations measurements. The sampled leaves were fully expanded and comparable with those used to determine leaf water potential (i.e., they were not rehydrated, in contrast with those collected for determination of Ψ πo ). Typically, one half of a leaf, excluding the midrib, was used to determine Ψ πo , whereas the whole leaf, excluding the petiole, was processed for solute analysis. Sampling dates in 1994 were as follows: Days 144 and 172 for understory dogwood, and Days 172, 216 and 264 for overstory chestnut oak. Sampling dates in 1995 were: Days 187 and 242 for understory dogwood, Days 187 and 249 for understory chestnut oak, and Days 165, 205 and 241 for overstory chestnut oak, corresponding to little or no water stress, moderate stress, and severe water stress, respectively.
Solute analysis
The frozen leaf samples were lyophilized and ground before extraction. The extraction procedure for solutes followed that of Tschaplinski and Tuskan (1994) . Briefly, 50 mg of dry, ground leaf sample was twice extracted with 5 ml of 80% ethanol and the extracts combined before analyses. After air drying 1 ml of the 10-ml extract, soluble carbohydrates, organic acids and phenolic compounds were analyzed by gas chroma-tography-mass spectrometry (GC-MS) as trimethylsilyl derivatives (Gebre et al. 1998b) . Extracts were silylated with 0.5 ml N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) + 1% trimethyl-chlorosilane (TMCS) and 0.5 ml acetonitrile (Pierce Chemical, Rockford, IL), heated for 45 min at 70°C, and 1 µl was injected the following day into an HP 5890 Series II GC and 5972 MS (Hewlett-Packard, Avondale, PA). Sorbitol was used as an internal standard to develop response factors for all identified compounds. Concentrations of unknown compounds were estimated in glucose equivalents. The concentrations of scylloinositol and quercitol, also known as acorn sugar, were estimated in myoinositol equivalents, a stucturally similar compound.
Primary amino acids were analyzed as o-phthalaldehyde (OPA) derivatives by reversed-phase (C 18 ) high performance liquid chromatography (HPLC) and fluorescence detection, according to protocols described earlier (Tschaplinski and Tuskan 1994) . Peaks were quantified by area integration and calibrated by injection of an external standard mix of amino acids (Sigma Chemical, St. Louis, MO). For inorganic ion analysis, 2-ml aliquots of the ethanol extracts were removed from each sample, dried over an air stream, dissolved in 5 ml of water and frozen before shipping to the Soil Testing and Plant Analysis Laboratory at the University of Georgia (Athens, GA). Inorganic ions were determined by inductively coupled plasma and carbon-arc spark emission spectroscopy. Nitrate was determined colorometrically, according to the salicylic acid method of Cataldo et al. (1975) . Briefly, a 0.2-ml aliquot of the ethanolic extract was reacted with 0.8 ml of 5% (w/v) salicylic acid in 96.5% H 2 SO 4 . After 20 min at room temperature, 19 ml of 2 M NaOH were slowly added. After a minimum of 2 h, absorbance was read at 410 nm with a Spectronic 1001 spectrophotometer (Milton Roy, Rochester, NY). Chloride and sulfate were analyzed by ion chromatography following standard methods for anions in water (Eaton et al. 1995) . Phosphate was determined colorimetrically by ammonium molybdate and potassium antimonial tartrate, reacting in an acid medium with orthophosphate to form phosphomolybdic acid, which is reduced to intensely colored molybdenum blue by ascorbic acid (Murphy and Riley 1962) .
The potential contribution of a given solute to osmotic adjustment was estimated by converting differences in solute concentration to osmotic potential by using the van't Hoff relationship (Nobel 1991) . The dry weight fraction required for the equation was determined separately for understory dogwood, understory chestnut oak and overstory chestnut oak by averaging the means of wet and dry treatment plants determined in June and July 1995. Data analysis for solute data was based on a one-way analysis of variance for a sampling date with each randomly selected tree as an experimental unit. The PDIFF option of least squares means (LSMEANS) was used to obtain t-tests for mean comparison (SAS Institute, Cary, NC). Significant differences were based on P ≤ 0.05.
Results
Dogwood: 1994 measurements
Although the 1994 growing season was generally wet, the TDR infrastructure was able to separate treatments, with the dry treatment reaching a soil water potential of -0.37 MPa in June, compared with -0.09 MPa in the wet treatments (Table 1, Gebre et al. 1998a ). In contrast, in the dry 1995 growing season, soil water potential in all treatments declined to below -2.0 MPa in September, but the dry treatment typically had lower soil water potentials than the other treatments throughout the growing season (Table 1, Hanson et al. 2001 ). Soil water potentials and resulting leaf Ψ πo prevailing at the time leaf samples were collected for solute analyses are summarized in Table 1 . The degree of osmotic adjustment in dogwood was 0.07-0.12 MPa, whereas chestnut oak displayed adjustments of 0.19-0.20 MPa for understory seedlings and 0.19-0.25 MPa for overstory trees (Table 1) . Additional water relations measurements made during this study have been reported elsewhere (Gebre et al. 1998a , Tschaplinski et al. 1998 ). In May 1994, there was a nonsignificant (ns) accumulation of glucose of 41 µmol g -1 dry weight (g DW -1 ) that accounted for 66% of the predicted solute accumulation, based on observed treatment differences in Ψ πo (Tables 1 and 2 Table 1 . Soil water potential and leaf osmotic potential at full turgor (Ψ πo ) on the wet and dry plots on various dates in 1994 and 1995 when leaf samples were collected for solute analyses (see Table 2 ). Figure 1C ). Although not statistically significant, the K + concentration tended to be greater (77 µmol g DW -1 ) in dogwood trees in the dry treatment than in the wet treatment in June (Table 2) . Quinic acid and glucose comprised over 70% of total organic solutes measured in May, but only 46% of the total in the wet treatment in June and only 33% in the dry treatment. The contribution of quinic acid and glucose declined from May to June, whereas the con-254 GEBRE AND TSCHAPLINSKI TREE PHYSIOLOGY VOLUME 22, 2002 tribution of sucrose increased (Figure 1 ). There was close agreement between the predicted and observed solute accumulation in May, but 47% more solutes were observed in June because of nonsignificant increases in sucrose and K + (Table 2).
Overstory chestnut oak: 1994 measurements
Overstory chestnut oak trees exhibited significant increases in fructose, glucose and sucrose in the dry treatment compared to the wet treatment in 1994, but there was a seasonal effect (Table 2, Figure 2) . Although the sucrose concentration did not differ between treatments in June 1994 (Figure 2C ), the concentrations of fructose and glucose in overstory chestnut oak increased by 32 and 69 µmol g DW -1 , respectively, in the dry treatment compared with the wet treatment (Figures 2A and  2B) . As in dogwood, K + was a major inorganic solute in overstory chestnut oak and contributed to osmotic adjustment of samples collected in June (38 µmol g DW -1 ). Total solute accumulation observed in the dry treatment was 73% greater than predicted (Tables 1 and 2 ). Later in the growing season (Day 216, August), the sucrose concentration was significantly greater (114 µmol g DW -1 ) in the dry versus the wet treatment, whereas fructose and glucose did not differ between treatments and there was close agreement between the predicted and observed solute accumulation (Tables 1 and 2 ). Sucrose, quercitol and quinic acid increased by 108, 71 (ns) and 59 µmol g DW -1 , respectively, for overstory chestnut oak in the dry treatment relative to the wet treatment in September (Figure 2, Table 2 ). Sucrose and quercitol constituted about 70% of total organic solutes determined at that time and there was nearly 2.5 times more solutes observed than predicted (Tables 1 and 2). Potassium was the only major inorganic solute measured that occasionally accumulated in significant amounts to contribute to osmotic adjustment in chestnut oak and dogwood, and Mg 2+ increased periodically by 10-12 µmol g DW -1
in both species when K + accumulation was small or absent (Table 2) .
Dogwood: 1995 measurements
During 1995, there were significant accumulations of fructose and glucose in dogwood in July and August (Figure 3) . The increases in the July samples were 46 µmol g DW -1 for fructose and 39 µmol g DW -1 for glucose. In August, dogwood trees in the dry treatment had more solutes than in the wet treatment, including increases of 43 µmol g DW -1 in sucrose, 71 µmol g DW -1 in fructose and 172 µmol g DW -1 in glucose. Overall, there were 2.8 times more solutes observed than predicted (Tables 1 and 2).
Overstory and understory chestnut oak: 1995 measurements
For overstory chestnut oak trees, there was only a small accumulation of solutes (fructose and glucose, 50 µmol g DW -1
) in the dry treatment in July 1995, which together with small accumulations in several other compounds, including malate and galactose (Miscellaneous in Table 2 ), resulted in close agreement (91%) between the predicted and observed solute accumulation (Tables 1 and 2 , Figure 4 ). Although quinic acid and quercitol were the dominant organic solutes in understory chestnut oak seedlings in July, small (10-25 µmol g DW -1 ) adjustments in glucose, fructose, malic acid (Miscellaneous) and K + (ns) constituted the bulk of the observed adjustment. In September, the fructose concentration of the understory chestnut oak seedlings was greater (47 µmol g DW -1 ) in the dry treatment than in the wet treatment (Table 3) , and there was also an accumulation (P = 0.067) of K + (61 µmol g DW -1 ) ( Table 4) . Although only 70% of the predicted solute accumulation was observed in July, there was good agreement between predicted and observed adjustments in September (107%).
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Seasonal trends
Seasonal trends in several major solutes contributed to Ψ πo . Although there was no treatment effect on sucrose in understory chestnut oak seedlings in 1995, its concentration more than doubled in September compared with July, after the severe drought period. During both growing seasons (1994 and 1995) there was a seasonal decline in quinic acid concentration of overstory chestnut oak trees. In 1994, quinic acid in chestnut oak declined from a high of 352 µmol g DW -1 in June to a low of 21 µmol g DW -1 in September in the ambient treatment ( Figure 2 ). In contrast, understory chestnut oak seedlings maintained a high concentration of quinic acid through September 1995 that was about twice that in overstory trees in July 1995. However, fructose, glucose and galactose (data not shown) concentrations in overstory trees were twice those of the understory seedlings in July, which largely contributed to the lower Ψ πo of the overstory trees compared with the understory seedlings (Figure 4 , Tables 1-3 ). The concentrations of other major solutes did not differ between understory chestnut oak seedlings and overstory trees. In both species, the total concentration of primary amino acids was low (< 10 µmol g DW -1 ) with no differences among treatments (data not shown). Although Ca 2+ , sulfate and ortho-256 GEBRE AND TSCHAPLINSKI TREE PHYSIOLOGY VOLUME 22, 2002 phosphate contributed to Ψ πo in both species, there were no treatment differences (data not shown).
Discussion
Solute accumulation
Both dogwood and chestnut oak accumulated foliar solutes in response to drought. The specific solutes that accumulated were dependent on time of year and degree of water stress. The greater dehydration tolerance of chestnut oak compared with dogwood was evident in both the higher baseline concentrations of foliar solutes and the greater range of solutes involved in osmotic adjustment. Neither dogwood nor chestnut oak trees or seedlings accumulated sucrose in the dry treatment early in the growing season, but both species accumulated sucrose later in the growing season, corresponding with the observed osmotic adjustment (Figure 1 , Tables 1 and 2 , Gebre et al. 1998a ). The concurrent decline in foliar nitrate concentration in dogwood, which was not evident in chestnut oak, suggests that nitrate uptake was limited in dogwood under mild drought, despite osmotic adjustment. In dogwood, sucrose accumulation was higher in all treatments in June, accounting for 12-31% of total organic solutes, compared with May when it accounted for only 1-2% of total organic solutes (Figure 1) . The low sucrose concentration in May was likely the result of high sink demand for sucrose for growth. Because seedling growth was largely completed in the first half of the growing season (Hanson et al. 2001) , the availability of sucrose for osmotic adjustment was dependent on growth slowing or being completed, suggesting that growth and osmotic adjustment compete for available sucrose. The accumulation of sucrose in dogwood in response to mild drought was accompanied by a nonsignificant increase in K + . Accumulation of organic solutes and inorganic ions in response to drought has been reported for several tree species (Tschaplinski and Blake 1989 , Gebre et al. 1994 , Tschaplinski and Tuskan 1994 , Epron and Dreyer 1996 , Picon et al. 1997 , Clifford et al. 1998 . However, the solutes that accumulated differed depending on species, degree of water stress or other growing conditions. Sucrose and malic acid were the major constituents of leaf osmotic adjustment in several Populus deltoides Bartr. ex Marsh. clones (Gebre et al. 1994 ) and hybrid poplars (Tschaplinski and Tuskan 1994) . Sucrose was also the major solute in several, field-grown, hybrid poplar clones, accounting for about 70% of total organic solutes measured (Gebre et al. 1998b) . In that study, there were also clonal differences in fructose and glucose concentrations regardless of water stress treatment, with the P. deltoides × P. nigra L. clones having higher concentrations than the P. trichocarpa Torr. & A. Gray × P. deltoides clones.
In June 1994, osmotic adjustment in dogwood was accounted for by the accumulation of sucrose and K + ( Figure 1C , Tables 1 and 2), whereas there was no increase in sucrose concentration in overstory chestnut oak ( Figure 2C) . However, the contribution of sucrose to osmotic adjustment increased in both August and September without substantial changes in the contribution of fructose or glucose (Figures 2A and 2B) . In contrast, fructose and glucose played a major role in osmotic TREE PHYSIOLOGY ONLINE at http://heronpublishing.com LEAF OSMOTIC ADJUSTMENT IN CHESTNUT OAK AND DOGWOOD 257 Table 4 . Concentrations ± SE (µmol g DW -1 ) of K + in leaves of dogwood (C. florida), understory chestnut oak seedlings (Q. prinus) and overstory chestnut oak trees by treatment (wet, ambient and dry) during the 1994 and 1995 sampling periods. Different letters within a row indicate significant treatment differences at P ≤ 0.05. adjustment in dogwood and chestnut oak trees and seedlings during severe drought (August 1995) . Sucrose conversion to its constituent monosaccharides doubles the solutes available for osmotic adjustment. Koppenaal et al. (1991) found significant accumulation of fructose and glucose in roots and shoots of white spruce (Picea glauca (Moench) Voss) seedlings subjected to water stress, whereas sucrose accumulation was negligible. Although sucrose is the major translocated carbohydrate for most species, some species synthesize and translocate other solutes (Kozlowski 1992) . For example, sorbitol is the primary photosynthetic and translocation product in many of the Rosaceae (Bieleski and Redgwell 1985) . Ranney et al. (1991) found that water stress increased the concentration of sorbitol in cherry (Prunus sp.) but had no significant effect on glucose and fructose concentrations, and decreased the concentration of sucrose. Sorbitol and glucose were also the major solutes that accumulated in young apple leaves subjected to water stress (Wang and Stutte 1992) .
Despite the contribution of malic acid to osmotic adjustment in container-grown poplars (Gebre et al. 1994, Tschaplinski and Tuskan 1994) , its contribution to osmotic adjustment and Ψ πo was minimal in field-grown hybrid poplars (Gebre et al. 1998b ) and in chestnut oak and dogwood in this study. Cutler and Rains (1978) reported a major contribution of malic acid to osmotic adjustment in cotton leaves. Quinic acid was the only major organic acid measured in our study that contributed to osmotic adjustment in chestnut oak trees when water stress was mild in June (ns) and September 1994 ( Figure 2D ). However, there was a seasonal decline in quinic acid concentration in both species ( Figures 1D, 2D, 3D and 4D ), but the decline was limited in chestnut oak seedlings (Table 4) . Quinic acid concentration was one of the few differences evident between the organic solute profiles of the overstory trees and seedlings. In July 1995, the concentration of quinic acid was about twice as high in understory chestnut oak seedlings as in overstory mature trees. In contrast, fructose, glucose and galactose concentrations of overstory trees were twice as high in as in seedlings. Otherwise, canopy position did not result in large differences in the major solutes examined.
Nonstructural carbohydrate concentrations, which include soluble carbohydrates and starch, were positively correlated with relative irradiance in saplings of Acer platanoides L., Padus avium Mill., Populus tremula and Quercus robur L. growing along a natural light gradient (Niinemets 1997) . Although canopy position affects foliar soluble carbohydrate concentrations, the finding that monosaccharides are primarily affected without an effect on sucrose suggests that canopy responses are also driven by ontogenetic differences, rather than solely by light availability.
Although we observed no significant changes in K + concentration in response to the treatments in either species (Figure 4) , K + was a major contributor to Ψ πo in overstory chestnut oak trees sampled in 1995 (Table 4) and to Ψ πo and osmotic adjustment in understory chestnut oak seedlings (Tables 1-3) . Vivin et al. (1996) found that total soluble mineral concentration accounted for 45% of Ψ πo for Q. robur seedlings, with K + and Mg 2+ as the major ions. Although K + is a major osmolyte in some agricultural crops (Morgan 1992) , its accumulation in response to water stress is not common in tree species (Ranney et al. 1991 , Gebre et al. 1998b ). However, Tschaplinski and Tuskan (1994) reported an accumulation of K + ranging from 25 to 55 µmol g DW -1 for hybrid poplars and 153 µmol g DW -1 for the eastern cottonwood (P. deltoides) parent. Maintenance of high concentrations of K + requires similar concentrations of anionic counterions to balance the charges. Organic acids such as quinic acid, which was present in high concentrations in both species, may provide that function. Additionally, compounds that are sustained at high concentrations, such as quinic acid and neutral compounds, like quercitol in oaks, may serve as stable osmotica during the growing season, when carbohydrate concentrations fluctuate widely in response to sink demand.
Osmotic adjustment
Trees in all treatments had lower Ψ πo during the severe drought in 1995, when soil water potential declined to -1.5 to -2.0 MPa (Table 1, Hanson et al. 2001 ) than in 1994 (Table 1, Tschaplinski et al. 1998 ). There was either no apparent osmotic adjustment in overstory chestnut oak trees or it was smaller than predicted because trees in both the ambient and wet treatments were also subjected to drying. When osmotic adjustment occurred (difference between wet and dry treatments) in July 1995, the adjustment was largely accounted for by small increases in several compounds, including fructose, glucose, galactose and malate (91%). We found reasonably good agreement between observed osmotic adjustment and that predicted from the specific solute contributions to osmotic adjustment. The calculated contribution of solutes to osmotic adjustment was in agreement (100 + 30%) five out of nine times that the analysis was conducted. When there was a disparity, there were usually more solutes observed than predicted. Several explanations may account for this discrepancy. We assumed that the solutes expressed with the leaf press to determine Ψ πo were the same as those analyzed. This assumption may not always hold because determination of Ψ πo was based on one half of a leaf blade, excluding the midrib, whereas the solute analyses was based on the whole leaf. The midrib would have higher concentrations of sucrose and other transportable solutes than the leaf blade. We also assumed that the aqueous ethanol solvent extracts the solutes to the same extent as expressing the sap with the leaf press. The two procedures may also result in a differing degree of ionization of charged solutes, and a fraction of those solutes may have been non-ionized or bound to cell walls. It is also unclear whether having solutes highly compartmentalized has an effect on Ψ πo . The greater osmotic adjustment accounted for by accumulated solutes than the measured osmotic adjustment may be offset by declines in other solutes that were not measured. Lastly, the use of correction factors for unknown and known compounds (for which a commercial standard is unavailable) that were de-rived from structurally similar compounds also introduces uncertainty.
In summary, chestnut oak, having lower Ψ πo values and a greater capacity for osmotic adjustment than dogwood, had higher baseline concentrations of organic constituents and a greater variety of solutes that contributed to osmotic adjustment. Fructose, glucose and sucrose accounted for most of the osmotic adjustment observed in both species during the two growing seasons; however, their contribution varied over the growing season, by species, and with canopy position. Sucrose was the major solute that accumulated in dogwood and overstory chestnut oak in response to the imposed drought during the wet year, particularly later in the growing season, but sucrose accumulation was limited during the dry year. Fructose and glucose were the major solutes that accumulated in response to the dry treatment in dogwood, and understory and overstory chestnut oak during the dry year, suggesting that severe stress may favor the accumulation of monosaccharides over sucrose. The accumulation of K + was generally limited to the mild water stress imposed by the dry treatment during the wet year, but it also accumulated in chestnut oak seedlings during the dry year. Although consistent with other studies on tree species, the limited contribution of K + to osmotic adjustment is contrary to its major role in agricultural crops, but it is consistent with the finding that deciduous tree species typically have low amino acid concentrations. Amino acids are required along with inorganic anions and organic acids as counterions to maintain the charge balance in tissues with high concentrations of K + .
